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Ef f ectk of Mach Nuniber on Wake 

Figure 34 ehows the varfatim of the location of the-TIEiIre center 
behind the XACA 23015 afrfofl with normal-force coefficfent using 
Mach number and m e  of attack a8 parameters. The intersection af 
the chord line of the model at Oo of attack with t h e  8urvey 
plane 0.5 chord downetream of the trailing edge ffxes tho reference 

pressure 3.0sa)’~below this reference 13ne deteminea the wake center 
location shorn; in figure 34. The change In the location of  the wake 
center in them two-dAmensional. teste fa cansiltered an indicatim 
of possible f l a w  direction change. 

‘ line. The location of the center of wake (location of raaxfmum total- 

Subcrittc&..- A decresee wake-center dispacemant for m y  
constmt positive noml-force coefficient ie seen 4x1 occur ae Mach 
n m b r  is Fncremed. Moet of the indicated difference between the 
c m e g  at subcritical e p e d s  ie the direct result of changing the 
angle of attack as the mference line rem~,€nefi fix&;,therefore, no 
c h w e  in dm-f low angle at cone.t;ant angle of attack is inferred. 
Theoretical etudies (reference 7) indicate that the f i e ld  of fflhence 
of %he model fn the subcritical speed range increase3 w t t h  Mach nmber 
aC the 8ame rate as given for t h e  l i f t  coefffcient In reference 8. 
A t  a constant w e  of attack, Werefore, canrpreseibflity ~h014d have 
l i t t l e  or no effect on the angle of down flow at subcritical sp.eerde. 

Supercritical.- At supercritical speeds there ie a definite 
infitcation that large chan@le~ in bounflcrw may be expected. In 
figures 3r 33, and 34, 88 w e l l  as 4, 31, and 34, ere presented corn- 
RtW3kiV# data for low-lift conditions of the NACA 23015 afrfoil. Shack 
location BB determined by t h e  schlieren photographa is comparable with 



10 

Prediction of Pressure Coefficients 

For comparative purposee the experimental variation with Mach 
number of the peak negative presmre coefficient is plotted on 
figtare 35 with t h e  presmre-coefficient variation prsdicted by two 
theoretical methoda (references 8 and 9 ) .  The value of greseure 
coefficiente ueed in this ffgure are the mudmum negative preesure 
coefficient8 attained over a surface without regad of chord.wT8e 
location. . .  

The Glaueyt approximation, reference 8, is the aimpleat 
correction to apply. The approxinaation worked o u t  by Kaplan, 
reference 9 ,  is m r e  exact than tha t  by Glauert and ,I 8 of appmxi - 
matelp the same mElgnitde 88 that obtained- by vaa Kamin from the 
hodograph method (raference 10 )e  A6 a general ru le ,  the Glaumrt 
approximation tenda to undereotimate the ohanTe, eLnd It appear8 
f r o m  ftgure 35 that bet ter  r e s u l t e  f o r  =,average value of t h e  pfiak 
negatlve-pressure coefficient could be obtained by u8e of Kaplm'a 
appmxb?lamAtion. 

Crit fcal  Mach Number 

Since the critical Mach number is a cr i ter ion for d.etemining 
the speed at which chaqea Fn the charactsr of the flow are to be 
expected, the  critical Mach number is of great Importance In the 
eelection of a uin& eection. For hif&-epeed operation at low drag 
coefficient  the cr i t ical  weed of an airfoil sectim, or any body, 
should not be exceeded. 
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An increme fn the angle of attack generally Increases the 
absolute presaure difference between the upper and lover aurfacea, 
moves the location of the maximum negative preeeuree rearwad over 
the lower swface and f o m d  over the upper M a c e ,  and decreases 
the critical weed of the umer surface ( f fgs .  3 4x1 30). The result 
of these chcma;es 18 an increaee in the slope of the curve8 at t h e  
higher aIIglee of attack (fig8. 37 to 41) in the speed rango below 
the region of nocreasing normal-force coafficients. 

Normal-force  coefficient data axe -Plotted againat angle of attack 
'cn on fi-s 42 to 46. The slopes - of  theso cwves  continue t o  

increme up to that Mach number where ths normal force6 of:fi€prea 37 
t o  41 decrease rapidly; this behavior fa expected from t h e  preceding 
discuesion. The variation Fn normal-force curve d o p e . u i t h  Mmh 
nmber for the airfoils inveetfmted is s n ? . z e 6  in frfpre 47. A 
cmrpebrieon of the slopee.for t h e  conventional a d  low-drag-type air- 
foils ehowa no marked differencea. The ITACA 23015 a i r f o i l  and t h e  
NACA, 16-212 ebirfoil have more  madual variations of normal-force 
curve elope. with Mach number than the other a i r foi ls ;  this fact 
indicate8 that these airfoils should produce lees chan5e in airplane 
longitudinal trim as a reault of lift chmgee. The NML? l6-eeriee 
airfoil, however, has a low normal-force c m e  elope; teete i n  t h e  
Langley 8-foot high-speed tunnel have also indicatod a low lift-curve 
elope of t h e  NACA 16-212 a i r f o i l .  

aa 

The normal-force-coefficient data for the NACA 23015 a i r f o i l  at 
the higher an&s of attack, fi- 37, do n o t  inoream a~ erpected. 
A t  eupercrftical veloc i t ies  violent eeparation occura well forward 
on t h e  chord  mfi.restricta any 3ecreaee in preeenzre over the rear 
portion of t h e  upper Burpace. The magnitude of t h e  negative preesure 
peak near the ,leading s Q e  which produce8 a large portion of t b e  
normal force at low speeds is a lso  decreased conuiderably srlth 
increasing Mach nmber. 

Delay of normal-force break.- The increment LM between the  
m i t i c a l  Mach nmber. a d .  t h e  Mach number at which a rapid cbawe In 
the n o m l - f o r c e  chmacteri&fc (force break) orfrdnates 9% ie 
aresented in figure 48. At. low w l e s  of attack. a Mach number increment 
from 0.03 to 0.04 is &own f o r  d l  the newer airfoils; the conventional 
NACA 23015 a i r f o i l  exhibits a Mach number increment of about 0.13 at 
these low mdes. A8 the angle of attack l e  increased to approxhmtely 
bo, however, the Mach number hcrement for the newer mdele of 0.15 
thickness ratio .Or..-less rapidly anmmchea the value for  the conventional 
airfoi l  which ha6-remained almoet conetant. A t  an an718 of attack of 
bo preseure distributions at mbcritical. eueedcl f o r  the newer airfoils 

c 
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Although c~nclusioqa concerning the optimm profile of an a i r f o i l  

cannot be drawn f r o m  these data, it i a  ind2cated that eetimatea of 
a i r f o i l  section char&cteristica at supercritical epee& based on the 
critical Mach nuuiber must be qualified somewbat when working w i t h .  
sections of v a r i o u s  tBpe8. Ln order to obt35n.desirable Control 
cbracteris%lcs at speeda in excees of the highest c r l t i c s l  Msch nu&er 
poseible by the., u8e of any practica3le airfoil, it may be aavfsable 
t o  select .  that. airfoil having the' norra?3.l-force bresk at the htgheat 
Mach number po~ielble even though I t s  critical Mach nuniber mey be 8om- 
what lower t h a n  that of other esctims. 

Sh i f t  of -zero lift =&.e .- For the RACA 16-212. airfoil (fig . 38) 
all normal-force C U ~ ~ ~ S S  in the  Mgher Mach mmiber range, Including ' 
those at negative angle13 of at tack,  tend to slope In a negative direction 
The pressure-distgibution diagrams for  t he  IUCA 16-212 a i r f o i l  at  angles 
of attack from -4 to O* (f fgs . 8, 9,. and 10) show that the negative 
1oad.ing near the.lea+ng edge incre~tsea rtipidly w i t h  Uch nuniber. The 
resulting drop in nor& force with Mach number for all'angulax con- 
figurstiona  indicate6 an increaae Fn the &e of attack for zero L f f t  
as %he Mach nuder  is fncreased. This angular shift  or decrebe fn 
the ef fec t ive  cariber of +he sectlon (-which can contribute to catastro- 
phic d i v i n g  tendencies) €8 c l e a r l y  illustrated for several afrfoils 
in figures 43 , - 44, and k6. T h i s  -angular s h i f t  can be c a s e d  by one or 
both of the following factors, bcreeaed~f lm aepmatian or %he decreased 



influence of the model 011 the  appmachlng f low EIB the Mach number 
is increased. Flow separation directly sPfects the preseures over 
the r ea r  of the model; a leo  a8 the Mach number is Increased to 
v.due8 approaching and beyond the c r i t i c a l ,  the preasure IqxiLsoa 
from the vctrioue parte of the bo* encounter increaged difficulty fn 
progreEIBPng upstream from their origins . As a reslllt of theae effectita, 
the oncoming air is not affl"ec ted 88 far ahead of tho mcleel or aa 
greatly a t  ,these 8peed.s as at. low apeede rtnd the wnols chzrac Ler of 
the f 1cV f i e l d  i e  tranef ormed . 

Quarter -Chord Moment 

11118 ,bzeic dsta fcr the. m o m e n t  coefficient, obtdned by intergrs t ion 
of the no&-force ~reaewe-~8tribut~on diwam, arb presented in 
figures 49 to 73. The m r o w a  indicate the c r i t i ca f  Mach n u d e r  for 
each angle of attack. A compuison of theee figuxoe indicatsrl corn- 
ptulativelg low vdues of mment coefficient for bQkh the 
NACA 23015 a i r f o i l ,  and t h e  mAC-4 66,2-015 airfoil  

From the resu l ta  of reference 11 for a thickness ratio of G.15, a 
negative s h i f t  of 0.05 In mment ccsfficient occurs at medium o p e d 3  
f o r  a camber incresse of spprcrximtely 1 percent. The dfffarence in 
moment coefficients f o r  the N;XA 66,?-015 rtnd the R X A  66,S-?3 .5  airfoils 
(for which a camber difference of .aLightly over 1 percent exlsta) 28 
indicated at lox m@ea of attack by figures fz1 and 52 ta be In eood 
agreement with tho resulta .& referace U.. 

The variation of moment cosfficfant with nornul-force coefficient 
ia shcwn in figures 42 to 46. me rate& of change of the momen! and 
normal-force coefficient8 with angle of attack are plotted zgalnet 
Mach nmiber on f i p e s  47 snd 54. lkta froin figures 47 lrLnd 54 Gmre 
combined to show the rate of change of moment coofficient with normal- 

qcmc/4 force coefficient a t  eeveral mch nuuibers. Pcints calculated 
3% 

by this method, aEI w e l l  as the actuta alopes of the curve8 on f ! .@re3  42 
t o  46, were umd to deter.aine the curve3 on flgure 5 5 .  The d O P 9  of 
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Fig. 1 NACA RM NO. L6L16 
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FIGURE 1.- SCHEMATIC DIAGRAM OF THE LANGLEY  RECTANGULAR 
HIGH-SPEED TUNNEL AND OPTICAL EQUIPMENT. 



NACA RM No. L6L16 
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Fig. 2 



Fig. 3 NACA RM No. L6L16 
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NACA RM No. L6L16 Fig. 4 
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Fig. 5 NACA RM No. L6L16 
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NACA RM No. LGL18 Fig. 6 
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Fig. 7 NACA R.M No. L6L16 
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MACA RM No. LGLl6 Fig. 8 



Fig. 9 NACA RM No. L6L16 
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NACA RM. No. L6L16 Fig. 10 



Fig. 11 NACA RM No. L6L16 
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NACA RM No. L6L16 Fig. 12 
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Fig. 13 NACA RM Nd. L6L16 
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NACA R;NI No. L6Ll6 Fig. 14 



Fig. 15 NACA R.M No. L6L16 
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- NACA RM No. L6L16 Fig. 16 
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Fig. 17 NACA RM No. L6L16 
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Fig. 19 NACA RM No. LBL16 



NACA RM No. L6L16 Fig, 20 
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Fig. 21 NACA RM No. LBL16 



NACA RM No. L6Ll0 Fig. 22 
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Fig. 23 NACA R;M No. L6Ll6 



NACA Rh€ No. L6L16 Fig. 24 



Fig. 25 NACA RM No. L6Ll6 



NACA RM No. L6L16 Fig. 26 



Fig. 27 NACA RM No. L6L16 
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NACA RM No. L6L16 Fig. 28 



Fig. 29 NACA RM No. L6L16 
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NACA RM NO. L61Jl6 Fig. 30 
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MACA RM No. It6L16 Fig. 31 

(a} M = 0.577. (b) M = 0.742. 

M -  



NACA RM No. L6L16 Fig. 32 

(a) M = 0.524. (b) M = 0.731. 

(c) M = 0.756. (a> M = 0.762 (choked). 

Figure 32.- Schlieren photographs of the NACA 23015 airfoil. a = 6'. 
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.I NACA RM No. L6L16 Fig. 34 



Fig. 35 NACA RM No. L6L16 
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Fig. 37 NACA F W  No. L6Ll6 
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MACA RM No. L6Ll6 - Fig. 38 



Fig. 39 NACA €€M No. L6Ll.6 
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Fig. 40 



Fig. 41 NACA RM No. L6L16 
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Fig. 42 
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NACA R,M No. L6L16 . Fig. 44 
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NACA RM No. L6L16 Fig. 46 
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Fig. 49 NACA RM ,NO. L6L16 
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Fig. 5 1  NACA R,M No. L6L16 
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NACA RM No. L6L16 
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Fig. 52 



Fig. 53 NACA RM No. L6L16 
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